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Abstrat.
Based on a ombination of luster dynamial mean eld theory (DMFT) and
density funtional alulations, we alulated the angle-integrated spetral density in
the layered s = 1/2 quantum magnet TiOCl. The agreement with reent photoemission
and oxygen K-edge X-ray absorption spetrosopy experiments is found to be good.
The improvement ahieved with this alulation with respet to previous single-site
DMFT alulations is an indiation of the orrelated nature and low-dimensionality of
TiOCl.
PACS numbers: 71.27.+a, 71.30.+h, 71.15.Ap
Submitted to: New J. Phys.
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1. Introdution
The low-dimensional quantum spin system TiOCl has reeived a lot of attention in
reent years due to its anomalous behavior in a wide range of temperatures. It onsists
of Ti-O bilayers in the ab-plane separated by layers of Cl− ions staked along the
rystallographi c-axis (see Fig.1). Ab initio density funtional alulations[1, 2, 3℄
showed that the system at room temperature an be desribed in terms of spin-1/2
(Ti
3+
) Heisenberg hains running along the rystallographi b-axis, alongwith small but
non-negligible inter-hain ouplings. Upon varying temperature, TiOCl undergoes two
suessive phase transitions, one of seond order nature at Tc2=91K and one of rst order
nature at Tc1=67K to a spin-Peierls dimerized state[1, 4℄. The nature of the transition
at Tc2=91K has been disussed within various senarios of orbital utuations[2, 5, 6℄,
frustration of interhain interations[7, 8℄, the role of phonons[9, 10, 11℄, spin and
orrelation eets[12, 13℄ and is still debatable. Even the behavior of TiOCl in the
high-temperature phase has not been understood in a satisfatory way[14℄.
TiOCl an be viewed as a Mott insulator where the insulator gap is driven by
eletron orrelation. Attempts to desribe the inuene of orrelation on the properties
of TiOCl have been performed by onsidering the loal density approximation (LDA)+U
approah[1, 2, 3℄ as well as the more elaborate single-site LDA+dynamial mean
eld theory (DMFT) approah[12, 13℄ where dynamial utuations  absent within
the LDA+U approah  are onsidered. Nevertheless, omparison of the spetral
funtion obtained from single-site LDA+DMFT alulations with photoemission (PES)
experiments show only a moderate agreement[14℄. While the width of the omputed
spetral funtion is in aordane with the PES results, the magnitude of the optial
orrelation gap was highly underestimated. Also the agreement of the line shape is not
very satisfatory.
The eetive low-dimensionality of the material suggests that orrelation-driven
inter-site utuations may be important for the proper desription of TiOCl. In fat,
it was shown in a reent work[15℄ on a one-dimensional extended Hubbard model that
onsideration of two-site lusters within the luster extension of DMFT (luster-DMFT)
leads to a satisfatory desription of the harge gap. One may therefore expet for TiOCl
-whih is eetively a low-dimensional system- that an improvement upon previous
single-site LDA+DMFT results may be ahieved by inluding nonloal orrelation
eets. Demonstration of suh a property in a real material of the omplexity as TiOCl
has not been done previously. In order to analyze this proposal, we perform in the
following alulations within luster-DMFT where Ti-Ti pairs/dimers are taken as the
basi units instead of a single site.
We use the LDA Wannier funtions obtained by an N-th order mun-tin orbital-
based (NMTO) downfolding method[16℄ to onstrut a Hubbard Hamiltonian whih we
solve within the luster-DMFT approximation.
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2. Crystal Struture and Energy Levels
The otahedral environment of Ti [TiO4Cl2℄ in TiOCl splits the ve degenerate d levels
into t2g and eg bloks. Sine the Ti
3+
ion is in a 3d1 onguration, the t2g states are
1/6th lled[1, 2℄ and the TiOCl system an be desribed by a low-energy multiband, t2g
Hubbard Hamiltonian[12℄. The [TiO4Cl2℄ otahedra are quite distorted, the t2g states,
therefore, show further splittings into lower dxy and higher d− = 1√
2
(dxz − dyz) and d+
=
1√
2
(dxz + dyz) orbitals, with the zˆ axis pointing along the rystallographi a-axis and
xˆ and yˆ axes rotated 45o with respet to the rystallographi b-axis and c-axis. With
this hoie of axes one has the usual onvention of dx2−y2 , and dz2 pointing towards O
and Cl neighbors. This however leads to a non-diagonal form of the Hamiltonian. The
LDA density matrix (M) for TiOCl has then matrix elements between the dxz and dyz
orbitals whih are nonzero < dxz|M |dyz >= < dyz|M |dxz > 6= 0. A representation of
the density of states in this basis reets only the information of the diagonal matrix
elements < dxz|M |dxz > = < dyz|M |dyz > (see Fig. 2 of Ref. [2℄). Diagonalization of
this matrix provides the orresponding representation into d− and d+. If one hooses
instead a oordinate system with zˆ = a, xˆ = b, yˆ = c then the Hamiltonian is diagonal
with dx2−y2 , dyz and dxz forming the t2g blok and dxy, dz2 forming the eg blok[17℄.
In the following we will work in the oordinate system with dxy, d− and d+ as t2g
states. The t2g rystal eld splittings alulated within NMTO are ∆1(dxy ↔ d−) =
0.29 eV and ∆2(dxy ↔ d+) = 0.56 eV whih are in reasonable agreement with infrared
absorption spetrosopy measurements[18℄ where ∆2 = 0.65 eV and also omparable to
reent luster alulations for the TiO4Cl2 otahedron[18℄ ∆1 = 0.25eV and ∆2 = 0.69
eV.
3. LDA+DMFT alulations
Following our previous work in Ref. [12℄, we onsider as the starting point for
the desription of TiOCl, the LDA-NMTO Hamiltonian, HLDAmm′ , to whih diret and
exhange terms of the sreened onsite Coulomb interation Umm′ and Jmm′ of Hubbard-
Hund type are added[19℄.
H =
∑
Rm,R′m′,σ
HLDARm,R′m′ cˆ
σ †
Rmcˆ
σ
R′m′ +
1
2
∑
R,m,m′,σ
Umm′ nˆ
σ
Rmnˆ
−σ
Rm′ (1)
+
1
2
∑
R,m6=m′,σ
(Umm′ − Jmm′) nˆ
σ
Rmnˆ
σ
Rm′
Here, cˆ
σ †
Rm (cˆ
σ
Rm) denotes the reation (annihilation) operator for an eletron at site R
in orbital m with spin σ, and nˆσRm = cˆ
σ †
Rmcˆ
σ
Rm is the partile number operator. Umm′
and Jmm′ are parametrized as follows: Umm = U is the Coulomb repulsion between
eletrons in the same orbital, Um6=m′ = U − 2J is the average repulsion, and Jm6=m′ = J
is the Hund's rule oupling. We assume the double ounting orretion to be orbital
independent within the t2g states, thus resulting in a simple shift of the hemial
potential. The hoie of the loal orbitals ( Ti-t2g Wannier funtions) is done via
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Figure 1. Left Panel: Crystal struture of TiOCl. Big spheres represent Ti atoms and
small spheres represent O and Cl atoms. The smallest box shows the superell used for
the LDA alulation. Two nearest-neighbor dark and light shaded Ti atoms positioned
along the rystallographi b-axis form the pairs. Right Panel: Network of Ti atoms
within the superell projeted in ab plane. Two dierent sizes of atoms orrespond
to Ti atoms belonging to two dierent layers of the bilayer. Thik and thin bonds
represent the intra and inter-dimer bonds respetively in the superell.
the NMTO-downfolding tehnique [16℄, where all the partial waves other than Ti−dxy,
Ti−dxz and Ti−dyz are downfolded (these notations refer to the hoie of oordinate
system as explained previously). As shown in Ref. [12℄ and earlier ommuniations
[20℄, the reent implementation of LDA+DMFT[21℄ allows to solve the many-body
Hamiltonian, inluding all o-diagonal elements in the orbital spae of the loal self-
energy, Σmm′ . This has been ruial for TiOCl sine the hoie of the oordinate system
as disussed above does not result into a diagonal form of the onsite matrix.
Our starting point is the high-temperature rystal struture. Sine the low-
temperature rystal struture of TiOCl shows a doubling of the ell along the
rystallographi b−axis, a natural hoie of Ti pairs are those along the b axis. For
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our luster alulation we have therefore arried out a superell alulation with the
unit ell doubled along the b−axis. This results into four Ti atoms in the unit ell,
marked as 1, 2, 3 and 4 in Fig. 1, with two Ti-Ti pairs loated in the upper and lower
layer of a given bilayer. Our self-energy will have aordingly o-diagonal elements in
the orbital spae as well as in the site spae. The subsriptM in the self-energy ΣMM ′ is
dened as a omposite site-orbital index. Suh formulation has been already suessfully
applied in the ase of VO2 and Ti2O3[22, 23℄.
For the present problem, a 12 × 12 blok-diagonal self-energy matrix, ΣMM ′ is
therefore onstruted whereM is the omposite index (m, ic) withm denoting the orbital
index, 1,2,3 for a t2g basis and ic = (1,2) and (3,4) denote the intradimer site indies for
two Ti-Ti pairs in the unit ell. We neglet the interdimer orrelation onneting the two
pairs (1,2) and (3,4), and set the interdimer omponents of the self-energy in the present
alulation to zero resulting in a blok diagonal form of the self-energy. This may be a
reasonable approximation onsidering the fat that the eetive intradimer interation
between 1 and 2, or 3 and 4 is about an order of magnitude larger ompared to interdimer
interations onneting two pairs belonging to dierent layers in this system[2℄. With
this approximation, the self-energy takes the form:
Σ =


Σˆ11 Σˆ12 0 0
Σˆ21 Σˆ22 0 0
0 0 Σˆ33 Σˆ34
0 0 Σˆ43 Σˆ44


(2)
where Σˆ11 and Σˆ22 denote the on-site self-energy orresponding to sites 1 and 2
within a pair. Eah of these matries, is therefore a 3 × 3 matrix. Σˆ12 (Σˆ21) gives
the intersite, intradimer omponent of the self-energy. Note that the presene of the
intersite omponent of the self-energy, Σˆ12 (Σˆ21) gives rise to some[24℄ k-dependene of
Σ, as expeted for a luster-DMFT alulation.
We further assume that the dimers belonging to two dierent layers of the bilayer
are similar, therefore the upper and lower sub-bloks of the matrix given by (1) are
idential i.e. Σˆ33 = Σˆ11, Σˆ44= Σˆ22 and so on. It is therefore enough to work with a 6 ×
6 blok of this self-energy in the DMFT self-onsisteny ondition and then onstrut
the full 12 × 12 blok from the 6 × 6 blok to whih HLDAmm′ is added to generate the
Green's funtion. One may note that, with suh a hoie, the bond ordered ground
state is allowed in the alulations, although one needs to inlude the eletron-phonon
interation in the Hamiltonian in order to drive that state. For a single hain of Ti
atoms running along the b-axis, the dimers may be formed in even or odd bonds.
For a bilayer, as is the present ase, there are however four possible arrangements[8℄,
with even/even, odd/odd, odd/even and even/odd bonds in upper/lower layers. With
our present hoie of superell it is not possible to distinguish between these ases.
Consideration of suh senarios would require to have a superell whih is four times
enlarged along the b-axis. A seond possible dimer pattern senario, whih is also not
inluded in the present alulation, is the in-phase/out-of-phase dimer arrangements of
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neighboring hains within a layer. Suh arrangements an be distinguished in a superell
alulation, whih in addition to doubling along b-axis is twie enlarged along the a-axis.
Both alulations are presently omputationally too expensive.
The 6 × 6 impurity problem is solved by a numerially exat Quantum Monte
Carlo (QMC) sheme. Within the given omputational resoures, we ould reah a
temperature of 1400 K with 10
6
QMC sweeps and 68 time slies. U and J values were
hosen to be 4 eV and 0.7 eV respetively. Whereas J = 0.7 eV is a generally aepted
value for an early transition- metal oxide (hardly hanged from its atomi value), the
preise determination of U is a deliate issue. Ab-initio tehniques suh as onstrained
LDA give only rough estimates. For an early transition metal like Ti, U is expeted to
be between 3 to 5 eV[2℄. We arried in the past alulations[12℄ with dierent hoies
of U in terms of a single-site DMFT alulation and xed U to 4.0 eV sine it provided
the best possible spetra in terms of band gap. We onsider here the same U and
J values as above so as to ompare the single-site and luster-DMFT results. The
maximum entropy method [25℄ has been employed for the analyti ontinuation of the
Green's funtion from the imaginary to the real axis for the alulation of the spetral
funtions.
Experimentally, the eletron removal and addition spetra were probed by angle-
integrated photoemission spetrosopy (PES) and x-ray absorption spetrosopy (XAS),
respetively. Details of the PES experiment are desribed in Ref. [14℄. XAS was
measured at the PM-3 beamline of BESSY (Berlin, Germany) using its MUSTANG
endstation. Due to nite Ti 3d-O 2p hybridization the oxygen K-edge spetrum an be
taken as an approximate measure of the Ti 3d eletron addition spetrum. The energy
resolution for PES and XAS amounts to 100 meV and 50 meV, respetively.
4. Results
Fig. 2 shows the Ti t2g-dominated total spetral funtion omputed with the
NMTO+luster-DMFT method desribed above (full line) in omparison with the angle
integrated photoemission data (blue solid dots) and oxygen K-edge XAS measurements
(red open dots) in the range of energies between -5eV and 7eV. Note that the
experimental XAS spetrum shows both the t2g and eg manifolds. The insulating
behavior of TiOCl is orretly desribed by this alulation with a harge gap of about
1.1 eV, in rough agreement with the observed 2 eV optial gap[8, 26℄. The important
point to note is the enhanement of the gap value ompared to single-site DMFT result
whih was about 0.3 eV[12℄. This inevitably points towards the importane of the inter-
site utuations for a good desription of a low-dimensional system like TiOCl.
The alulated spetral weight distribution below and above the hemial potential
µ, i.e. the lower and upper Hubbard bands ompare reasonably well with the PES and
oxygen K-edge absorption data, respetively, though one should keep in mind that the
temperature used in the theoretial alulation was rather high ompared to that of the
experiments. We observe that the spetral funtion below µ is dominated totally by
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Figure 2. Comparison of the luster-DMFT spetral funtion (full line) with
angle integrated photoemission data (blue solid dots) and oxygen K-edge absorption
spetrum (red open dots). The experimental spetra have been aligned in energy
position and intensity to the theoretial spetrum.
the dxy-like ontribution with a 99% oupany, onsistent with polarization-dependent
optial spetrosopy[8℄ and ARPES[14℄ experiments. Note that our alulations do not
show any shape for the observed empty eg states sine these bands were not expliitly
onsidered in the luster-DMFT alulations. They were downfolded and inluded only
as tails of the t2g NMTO Wannier orbitals and may be responsible for the slightly larger
width of the alulated upper Hubbard band ompared to the t2g peak of the XAS
spetrum.
In Fig. 3, we present a omparison of the luster-DMFT with the single-site
DMFT results[12℄. Both alulations were performed within the same NMTO basis
and onsidering the same QMC impurity solver. We notie improvement of the present
results with respet to the single-site DMFT results This may emphasize one more the
importane of inluding dynamial Ti-Ti intersite orrelations for the desription of the
spetral properties of TiOCl. For omparison, we also show the spetra obtained from
LDA+U alulations whih has a muh narrower width as has been already stressed in
Ref. [14℄.
While the aordane between theory and experiment turn out to be reasonably
good as we have shown above, there are a few soures of improvement, whih are all
related to the omputer feasibility of the alulations and are out of the sope of the
present work. i) The presented results were performed at quite high temperatures
and with moderate numbers of QMC sweeps and time-slies steps regarding the
QMC impurity solver. Calulations at lower temperatures are expeted to provide
a better resolution of the results. In partiular, it will be neessary to hek the
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Figure 3. Comparison of luster-DMFT, single-site DMFT spetral funtions and
LDA+U results[12℄ with photoemission. To failitate better omparison between
experimental and theoretial lineshapes an inelasti bakground has been subtrated
from the photoemission spetrum. All spetra are aligned to the same rst order
moment and saled to the same integrated weight. The absolute energy sale refers to
that of experiment.
temperature dependene of the spetra whih is at the moment beyond our apability.
ii) Consideration of larger superells is expeted to distinguish between the odd/even
and even/even arrangements as well as in-phase/out-of-phase patterns and may provide
a lue of the possible bilayer frustration present in this system. iii) In order to be both
omputer realisti and manageable, we have used the NMTO t2g Wannier funtions for
a low-energy subset of LDA bands, while in the atual ase there are also O and Cl−p
dominated bands and also higher lying Ti-eg states. The inuene of the Cl and O-p-like
bands (and also Ti-eg bands) has been onsidered impliitly in the onstrution of the
t2g Wannier funtions whih take are of the hybridization eets oming from Cl and
O-p-like bands (see Fig. 3 in Ref. [2℄), but they have not been onsidered expliitly.
In priniple, one should therefore arry out alulations involving O and Cl-p bands
too, whih is an extremely omputer intensive job and not possible to arry out in the
present framework.
5. Conlusions
- By means of luster-DMFT alulations implemented in the NMTO Wannier funtion
basis, we have shown that the Ti-Ti intersite orrelations in TiOCl play an important
role for the proper desription of photoemission and O K-edge XAS spetra. Although
our alulations were limited by the omputer feasibility, the improvement of the value
of the optial gap and the overall omparison of the theoretial spetra with the
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experimental one indiates the signiant role of the o-site, intra-dimer orrelations.
The present results suggest that the nature of utuations observed in a large variety
of experiments[5, 10℄ may be governed by orrelated Ti-Ti dimers, existing up to rather
high temperatures.
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